Objectives: To describe and compare corneal peripheral angles in normal and keratoconic eyes, to gain a better understanding of the topography of the periphery of the cornea in keratoconus and assist practitioners in the selection and fitting of large diameter contact lenses. Methods: Eighty-eight eyes were included in the study, divided into three groups: healthy (A0, 28 eyes), keratoconus at stage I according to the Amsler-Krumeich classification (AI, 33 eyes) and keratoconus at stages II to IV (AII, 27 eyes). The Pentacam Scheimpflug system was used to manually measure the corneal peripheral angles corresponding to a chord length range between 8.6 and 12.6 mm at 8 different peripheral locations. Results: The peripheral angle was influenced by ocular condition and by the peripheral location, with no interaction effect between both factors. Statistically significant differences were found in mean corneal peripheral angles between groups A0 (30.84°62.33°) and AI (31.63°62.02°) (P¼0.001) and between A0 and AII (31.37°62.11°) (P¼0.030). The differences between AI and AII were not significant. In all eyes, the largest and smallest peripheral angles were found at the temporal inferior and temporal superior locations, respectively, with a mean difference between largest and smallest of 3.37°61.42°in healthy eyes and 2.96°61.54°in keratoconus (AI+AII). Conclusion: Clinically insignificant differences were found in peripheral angles between keratoconus and healthy eyes, giving support to the use of large diameter, intralimbal contact lenses with peripheral designs, and resting on the same corneal region, as those fitted on normal corneas.
K eratoconus is an ectatic corneal disorder characterized by progressive stromal thinning and cone-like protrusion, which may lead to irregular astigmatism, myopia and severely affect vision. 1 Although the most commonly cited prevalence rate of keratoconus is 54.5 per 100,000 population, 2 published prevalence rates may range from 0.3 per 100,000 in Russia 3 to 2,340 per 100,000 in Israel. 4 Recent evidence recovered from the tear film suggests an inflammatory component to the pathogenesis of keratoconus. 5, 6 In addition, oxidative stress may play an important role in the development and progression of this condition. 7 Structural and anatomical changes, such as, stromal thinning and posterior stress lines, suggest a possible change in the geometry of the posterior cornea, independent of anterior surface alterations. 8 At present, there are different options for the management of keratoconus, depending on the stage of the condition and on the effect on vision, including surgical and nonsurgical approaches. Among nonsurgical management strategies, corneal gas-permeable contact lenses are available for keratoconic patients with unsatisfactory vision with glasses or conventional soft contact lenses. 9 Alternatively, contact lens options include pancorneal (lenses that rest on the corneal periphery), corneo-scleral (lenses that rest partly on the cornea and partly on the sclera), and scleral lenses (lenses that rest completely on the sclera). [9] [10] [11] [12] To fit these types of lenses, practitioners need detailed knowledge of the corneal, limbal, and anterior scleral shape and rely on complex corneal topographical descriptors beyond central keratometry values. 12, 13 Although central corneal shape is well described in the literature, only a few research efforts have been devoted to the analysis of peripheral corneal and corneo-scleral junction geometry. For instance, a previous study introduced a new parameter to describe the forward elongation and advance of the scleral tissue in keratoconic eyes. 14 Also, van der Worp and colleagues measured the corneal-scleral tangential angle between 10 and 15 mm (limbal angle) and between 15 and 20 mm (scleral angle) in 96 normal eyes. 12, 15 These authors noted flatter radii at the nasal than temporal quadrants of the eye and observed a more pronounced scleral than limbal toricity. The same research group also suggested using tangent angles rather than curves when fitting scleral lenses. 12 Similarly, Sorbara et al. 16 measured the sagittal depth of the cornea and the scleral angles along the chord corresponding to the horizontal visible iris diameter (HVID) and again at 15 mm in normal and keratoconic eyes. These authors observed differences between normal and keratoconic eyes in peripheral scleral angles measured at the HVID at the inferior and temporal locations only, whereupon they highlighted the relevance of assessing sagittal depth, together with inferior and temporal angles when fitting very large diameter contact lenses. 16 Although corneal topography is considered the most sensitive and commonly used method to detect keratoconus, 1 tomography (e.g., Scheimpflug Imaging System) has been described as the best available current technique to diagnose early keratoconus. 9 The Scheimpflug Imaging System captures information of the entire anterior segment from the anterior corneal surface to the lens and assesses several corneal and anterior chamber parameters. 17 This device, and others, such as, the Visante (Carl Zeiss, Dublin, CA) anterior segment optical coherence tomographer (OCT), provide images and/or software to derive, through the appropriate analysis, relevant information about the peripheral cornea. Thus, for instance, the Visante was used by van der Worp and co-workers and by Sorbara et al. to measure scleral and peripheral corneal angles. 12, 15, 16 With the aid of this instrumentation, new studies may be conducted to gain a better understanding of the geometry of the periphery of the cornea to aid in the design and fitting strategies of new contact lenses for keratoconic eyes, as either an alternative or complementing the traditional approach based on corneal radii. With this purpose, this study used Scheimpflug images to explore peripheral corneal angles in a sample of keratoconic eyes, and compared them with a group of age-matched healthy eyes. The area under study, corresponding to a chord length range between 8.6 and 12.6 mm, has not been previously investigated with this instrumentation, albeit this region may be considered of relevance, as a resting area of large diameter intralimbal contact lenses used both for keratoconus and healthy eyes.
METHODS

Study Sample
Sixty eyes from 60 patients with keratoconus were included in the study. Patients were selected from those presenting for eye care or contact lens fitting. The same corneal specialist diagnosed and classified all the eyes with keratoconus according to the AmslerKrumeich classification 18 : 33 eyes were at stage I, 18 eyes at stage II and 9 eyes at stage IV. In patients with bilateral keratoconus, only one eye was included in the study, selected at random. In addition, 28 healthy eyes from 28 patients were included in an age-matched control group. Eyes that had a history of ocular or refractive surgery, contact lens wear, ocular trauma, or corneal pathology other than keratoconus were excluded from the study. All participants provided written informed consent after the nature of the study was explained to them. The study was conducted in accordance with the Declaration of Helsinki tenets of 1975 (as revised in Tokyo in 2004).
Procedure
The Pentacam Scheimpflug System (software version 1:18; Optikgeräte Oculus GmbH, Wetzlar, Germany), which was calibrated according to the recommendations of the manufacturer, was used to analyze the corneal and anterior segment parameters. All Pentacam measurements were conducted following the guidelines of the manufacturer. An experienced examiner captured three consecutive images from each eye.
The Pentacam software was used to determine the anterior bestfit sphere (BFS), the anterior chamber depth from the corneal endothelium (ACD_end), and the anterior chamber volume (ACV). In addition, Scheimpflug images corresponding to the 180°to 0°m eridian were used for the determination of the length of the horizontal chord (LHC). Finally, the images corresponding to the 180°to 0°, 45°to 225°, 90°to 270°, and 135°to 315°meridians were retrieved to determine the angles of the corneal periphery at both ends of each meridian. Therefore, eight angles were considered for each eye: Superior (S), Nasal-Superior (NS), Nasal (N180), Nasal-Inferior (NI), Inferior (I), Temporal Inferior (TI), Temporal (T180), and Temporal Superior (TS). The positions corresponding to these angles are shown in Figure 1 .
Corneal peripheral angles were measured manually on Scheimpflug images, using the tools of the freely available software Image J (Version 1.46a; Wayne Rasband, National Institute of Mental Health, Bethesda, MD). First, the Pentacam software option "Show Pixel Edge" was used to mark the areas where the cornea first lost transparency, whereupon the first pixels of these areas were used as anchor points from which a straight line (chord) was traced joining both sides of the cornea (Fig. 2) . The length of this chord was measured in pixels and a segment x was defined with a length equal to 10% of the total length of the chord. Finally, a y segment was drawn forming a right angle from the end of x to the corneal surface. The corresponding angle for that meridian (u) was therefore obtained from arctan (y/x), that is, angles were measured with respect to the horizontal line.
The length of x was defined at 10% of the total length of chord line after initial trial and error, in which it was determined that this length resulted in the hypotenuse of the triangle defined by the catheti x and y to be tangent to the surface of the cornea. Thus, an increase in the length of x to 15% of chord line was found to result in loss of tangency, whereas the relative magnitude of measurement error did not support using shorter lengths than the defined 10%. All angle measurements were performed by the same trained technician, masked for the purpose of the study, who obtained three values (one for each of the recordings) from each eye. The angle value for any position and eye was calculated as the mean of these three values. It must be noted that in some eyes the superior portion of the 90°t o 270°meridian was partly covered by the superior eyelid. In these cases, data from the superior angle were unavailable. To measure the inferior angle, a line was drawn starting at the pixel edge marking the loss of corneal transparency at 270°and parallel to the anterior plane of the iris. By moving along this line, the length of x was defined as the 20% of the distance between the point of loss of corneal transparency at 270°and the geometrical center of the pupil.
Once all visible angles were determined for each particular eye, the differences between the largest and smallest angles were calculated.
Data Analysis
The statistical analysis of the data was conducted with the Minitab 17 Statistical Software. The data were first examined for normality with the Kolmogorov-Smirnov test, revealing the occurrence of a normal distribution. Consequently, the values of the corneal peripheral angles were submitted to a two-way analysis of variance (ANOVA), in which the considered independent variables or factors were ocular condition (healthy eyes [A0], keratoconic eyes at stage Amsler-Krumeich I [AI], keratoconic eyes at stages Amsler-Krumeich II and IV [AII]), and peripheral location (S, NS, N180, NI, I, TI, T180, TS). Whenever a statistically significant difference was found, post hoc, pair-wise comparisons were conducted with the Tukey's test. In addition, a t test was used to compare normal and keratoconic eyes (pooling together AI and AII) in the difference between the largest and smallest angles. Finally, the correlations between the mean angle for each eye and the corresponding values of BFS, ACD_end, ACV, and ACD_end/LHC were examined with a Pearson coefficient of correlation test to determine whether any of these anterior segment parameters was a good predictor of peripheral corneal angle. In addition, the correlation between the measured chord lengths and the corresponding angles was explored to investigate whether possible differences in angles among the meridians originated in the actual peripheral location under analysis. A P value of 0.05 or less was defined as the cutoff point for statistical significance.
RESULTS
Sample Demographics
Keratoconus patients were 34.4614.5 years old (mean6SD). Thirty-three eyes were classified at stage Amsler-Krumeich I (AI) and 27 at stages Amsler-Krumeich II and IV (AII). Healthy patients (A0) were aged 32.8613.7 years. No statistically significant differences were revealed in neither age (P¼0.8) nor LHC (P¼0.62) between the three groups.
Peripheral Corneal Angle Analysis
The mean and SD values of the corneal angles of each examined peripheral location for healthy and keratoconic eyes are shown in Figure 5 , using a right eye for data presentation. In less than 50% of the patients, data were available at the S position, which prevented statistical analysis being conducted for that particular peripheral location. When submitted to a two-way ANOVA test, statistically significant differences were found for each of the considered factors (P,0.001), that is, peripheral angle was influenced by ocular condition (A0, AI or AII) and by peripheral location. However, no interaction effect between both factors was revealed (P¼0.475). Table 1 presents a summary of the chord lengths for each of the meridians under consideration, classified by ocular condition. Overall, chord length ranged from between 8.6 and 12.6 mm.
Regarding the factor ocular condition, Figure 6 displays a summary of the peripheral angle for each group (data are shown as mean and confidence intervals at 95%). The Tukey test revealed statistically significant differences between A0 and AI (P¼0.001) and between A0 and AII (P¼0.030), with smaller peripheral angles for the healthy group of patients. No statistically significant differences were found between AI and AII (P¼0.743). It must be noted, however, that even if statistically significant, these findings were probably not clinically significant. As may be observed in Figure 7 , which shows the frequency distribution of mean peripheral angles for healthy eyes and keratoconic eyes (groups I and II pooled together), there is a large overlap between healthy eyes and those with keratoconus, with an actual difference of only 0.69°between the mean peripheral angle values.
The analysis of the influence of the factor peripheral location revealed that the largest and smallest mean peripheral angles were located at the TI (32.03°62.16°) and T180 (31.73°62°), and at the TS (30.26°61.92°) locations, respectively. Statistically significant differences were found between the mean peripheral angle values at TI and TS (P,0.001) and between T180 and 
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Eye & Contact Lens Volume 44, Number 2, March 2018 TS (P¼0.003). In addition, statistically significant differences were found between NI and TI (P¼0.004) and between TS and N180 (P¼0.033). The mean peripheral angle values for each position and ocular condition are displayed in Figure 8 . It may be observed that irrespective of condition, the largest peripheral angles are always located at the inferior temporal quadrant (I, TI or T180), whereas the smallest angles are at TS. The mean difference between maximum and minimum peripheral angles was of 3.37°61.42°for healthy eyes and 2.96°61.54°for keratoconic eyes (AI and AII pooled together). This difference did not reach statistical significance (P¼0.226). Table 2 presents a summary of the analysis of correlation between the mean corneal peripheral angles for healthy and keratoconic eyes (AI and AII pooled together) and other anterior segment parameters (BFS, ACD_end, ACV, and ACD_end/ LHC). Weak-to-moderate significant correlations were found between the mean corneal peripheral angles and BFS (r¼0.44; P¼0.019), ACD_end (r¼0.48; P¼0.01) and ACV (r¼0.60; P¼0.001) for healthy eyes, and ACV (r¼0.41; P¼0.001) for keratoconic eyes, that is, none of the measured anterior segment parameters could be considered a good predictor of peripheral angle.
Correlation Analysis
Finally, in the analysis of the correlation between chord lengths and angles, a statistically significant lack of correlation was found (r¼0.32; P,0.001), that is, changes in the variable chord length only explained 10% of the variance encountered in the measured angle (coefficient of determination of 0.105).
DISCUSSION
Smaller peripheral corneal angles were found in healthy eyes than those reported by both van der Worp et al. for their "limbal 19 Furthermore, no correlation was found between chord lengths and peripheral corneal angles, that is, it may be assumed that small variations in chord length among the meridians under evaluation had a negligible influence on angle measurements. Finally, the used methodology, in which we conducted all angle measurements considering a segment of 1/10th of the chord length, ensured that all measurement points were at approximately the same relative distance from the limbus (with variations of the order of 0.1 mm) for all patients and meridians. Interestingly, the measured angles and chord length range considered in this study are within the range of parameters commonly available in intralimbal lenses.
Regarding the factor ocular condition (A0, AI, AII), the present findings revealed a statistically significant change between A0 and AI but not between AI and AII, that is, whereas there is an increase in corneal peripheral angle at an early stage of keratoconus, this change does not seem to continue to later stages of the condition (Figs. 6 and 7) , albeit as the present sample of patients did not include enough keratoconus at stage III and IV this finding must be interpreted with caution. However, it must be noted that the differences in peripheral angles encountered in this study between normal and keratoconic eyes (AI+AII) were very small (Fig. 7 , mean difference of 0.69°) and probably clinically insignificant. In this regard, these findings are not dissimilar to those of Sorbara and colleagues, 16 who did not observe any overall difference between keratoconus and healthy eyes, although these authors measured angles at the HVID chord diameter, used a different measuring technique and did not take into consideration differences in disease progression.
With reference to the factor peripheral location (NS, N180, NI, I, TI, T180, TS), the largest and smallest mean corneal peripheral angles were found at the TI (32.03°62.16°) and TS (30.26°6 1.92°) positions, respectively. Overall, the largest peripheral angles corresponded to the temporal quadrant (I, TI i T180) (Fig. 8) . Sorbara et al. 16 also observed a significant difference at the temporal quadrant (P,0.001) in peripheral angles at the HVID chord, but only in the keratoconus eyes. Our findings suggest that keratoconic eyes had larger angles than normal eyes at all peripheral locations, whereas Sorbara et al. 16 only found larger angles for the keratoconus group at the superior and inferior positions, reporting larger nasal and temporal angles in healthy eyes than in keratoconic eyes. As noted above, any comparison with previous research, however, must be approached with caution, as the chord lengths under consideration, the instrumentation and the measurement technique (manual vs. automatic) were not the same.
The mean maximum differences in corneal peripheral angles in the present sample of patients were approximately 3°, both for keratoconus (2.96°61.54°) and healthy eyes (3.37°61.42°). In healthy eyes, this difference is either considered negligible when fitting revolution of symmetry large diameter intralimbal contact lenses (overall diameter of approximately 90% of HVID) or it is overcome using lens designs with a toric peripheral geometry, which rest on this area of the peripheral cornea. In keratoconic patients, the present findings give support to the use of large diameter intralimbal contact lenses, such as the Dyna IntraLimbal lens (Lens Dynamics, Golden, CO) or the Rose K2 IC lens (Menicon Co., Nagoya, Japan), which have a similar peripheral design to those used in healthy eyes. Besides, it may be worth noting that small differences in peripheral angles may have an impact on edge lift, lens centration and stability, similar to healthy corneas. Thus, considering an ideal edge lift of 200 mm and a landing zone width of 1 mm, a change of 1°in peripheral angle corresponds to approximately a 15-mm change in edge lift, that is, up to 45-mm changes in edge lift may be expected between peripheral quadrants (in keratoconic eyes the largest and smallest angles were always located at the same meridians). In these cases, a contact lens with a quadrant-specific peripheral design may be used, a solution that is currently available for many lens designs, in particular for pancorneal 10 and scleral lenses. 20 Finally, our results suggest that lenses with peripheral conic designs may also be safely fitted in patients with keratoconus.
Correlation analysis revealed statistically significant associations between corneal peripheral angle values and those of other anterior segment parameters, with the expected direction of the slope of the regression line and with the strongest correlation corresponding to ACV for both healthy and keratoconic eyes. However, all values of the coefficient of determination were relatively small, thus denoting that these anterior segment parameters are not good predictors of peripheral corneal angle and vice versa, and giving support to the need for direct measurement of peripheral angles on the Scheimpflug images to fully describe corneal periphery. 16 It may be worth noting that the Pentacam System is not an ideal instrument to examine limbal angles. Indeed, given the characteristics of Scheimpflug images, measured angles with the Pentacam reside in the corneal periphery away from the limbus, at an area of interest when considering the peripheral geometry of large diameter intralimbal contact lenses. Besides, the same technique was used to compare healthy and keratoconus eyes and, within the same group, to compare among the diverse meridians under examination. Therefore, any error in the present methodology BFS, best-fit sphere; ACD_end, anterior chamber depth measured from the endothelium; ACV, anterior chamber volume; LHC, length of the horizontal chord; R would have a similar impact on all measurements, that is, comparison and relative values remain valid. Future research shall use anterior optical coherence tomography (OCT) technology to further explore these findings.
In conclusion, at a chord length between 8.6 and 12.6 mm, the characteristics of the measured corneal peripheral angles were similar in healthy and keratoconus eyes. Indeed, the absolute values of peripheral angles and the difference between the largest and smallest angles were similar, irrespective of the condition, and within the normal range of peripheral parameters (tangential angle, overall diameter, and angle selection steps) commonly found in large diameter intralimbal lens designs, albeit some keratoconus patients may benefit from toric designs or small quadrant-byquadrant adjustments. The findings of this research may assist practitioners and lens manufacturers in the selection of peripheral lens designs for these patients.
